We have studied experimentally and theoretically the optical orientation and spin-dependent Shockley-Read-Hall recombination in a semiconductor in a magnetic field at an arbitrary angle α between the field and circularly polarized exciting beam. The experiments are performed at room temperature in GaAs 1−x N x alloys where deep paramagnetic centers are responsible for the spindependent recombination. The observed magnetic-field dependences of the circular polarization ρ(B) and intensity J(B) of photoluminescence can be approximately described as a superposition of two Lorentzian contours, normal and inverted, with their half-widths differing by an order of magnitude. The normal (narrow) Lorentzian contour is associated with depolarization of the transverse (to the field) component of spin polarization of the localized electrons, whereas the inverted (broad) Lorentzian is due to suppression of the hyperfine interaction of the localized electron with the defect nucleus. The ratio between the height of one Lorentzian and depth of the other is governed by the field tilt angle α. In contrast to the hyperfine interaction of a shallow-donor-bound electron with a large number of nuclei of the crystal lattice, in the optical orientation of the electron-nuclear system under study no additional narrow peak appears in the oblique field. This result demonstrates that in the GaAsN alloys the hyperfine interaction of the localized electron with the single nucleus of the paramagnetic center remains strong even at room temperature. For a theoretical description of the experiment, we have extended the theory of spin-dependent recombination via deep paramagnetic centers with the nuclear angular momentum I = 1/2 developed previously for the particular case of the longitudinal field. The calculated curves ρ(B), J(B) agree with the approximate description of the experimental dependences as a sum of two Lorentzians, and an additional narrow shifted peak does not appear in the computation as well.
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INTRODUCTION
In recent years the spin-dependent Shockley-Read-Hall recombination attracts a considerable attention since it allows one to obtain anomalously high values of spin polarization of conduction electrons in nonmagnetic semiconductors at room temperature [1] [2] [3] [4] [5] [6] [7] (see also the review paper [8] ). The origin of this effect is the spin-dependent capture of optically oriented conduction electrons onto deep paramagnetic centers in which case the electrons localized on the centers become dynamically spin-polarized and, acting as a spin filter, block the further recombination of conduction-band electrons with the majority spin orientation.
The spin filter efficiency increases with increasing the pumping which allows one, at high pumping powers, to get the electron polarization close to 100%.
The nonlinear coupling of the spin subsystems of free and localized electrons leads to a number of striking effects in a magnetic field. Particularly, the electron spin depolarization in the magnetic field perpendicular to the exciting beam (Hanle effect, the Voigt geometry) is described by a superposition of two Lorentzian contours with widths at half maximum differing by two or three orders: the large spin relaxation time of localized electrons (∼1 ns) determines the width of the narrow contour (∼100 G) whereas the short lifetime of free electrons (∼1 ps) sets the width ∼25 kG of the wide contour [8, 9] . Also, it has recently been established [10] [11] [12] [13] [14] that the magnetic field directed along the exciting beam (the Faraday geometry) can lead to an increase in the efficiency of spin filter and, as a consequence, to a substantial (up to twice) enhancement of the electron polarization and intensity of the edge photoluminescence (PL) at low and moderate pumping rates. This effect is based on the longitudinal-magnetic-field induced suppression of the electron spin depolarization caused by the hyperfine interaction of a localized electron with the nucleus of the paramagnetic center which localizes this electron. Additionally, the experiment shows that the magnetic-field dependences of PL circular polarization and intensity are shifted with respect to zero field by ∼100 G [10] [11] [12] . This shift changing its sign with the sign reversal of the pump circular polarization has been attributed [11] [12] [13] to the Overhauser field B N created by the dynamically polarized nucleus of the paramagnetic center and acting back on the localized electron. In Refs. [11] [12] [13] [14] the analysis of the experimental data obtained at room temperature was performed assuming the regime of strong hyperfine coupling of the electron spin with the nuclear spin of the paramagnetic center on which the electron is localized. By definition, in this regime the hyperfine splitting between the levels with angular momenta I +1/2 and I −1/2 (I is the nuclear momentum) exceeds their widths defined by the electron and nuclear reciprocal spin relaxation lifetimes. The strong coupling regime was proved by the observation of a multiline spectrum of the optically detected electron spin resonance (EPR) on the Ga 2+ self-interstitial defects responsible for the spin-dependent recombination in GaAsN [3, 4, 12] . However, the EPR measurements were performed at helium temperature and the results of their analysis were extrapolated to room temperature.
On the other hand, it is known [15, 16] that, in case of the hyperfine coupling of a localized electron with a large number ∼ 10 5 of nuclei of the crystal lattice (weak coupling of the electron with each particular nucleus), the nuclear field can reach a value of B max N ∼ 5
T. Being added to the external magnetic field, it leads to a radical change in the electron polarization. The action of nuclear field most clearly manifests itself in the external magnetic field tilted at an angle α with respect to the optical pumping direction. In this case the The paper is organized as follows. Section 2 describes the experimental conditions and obtained results, Section 3 is devoted to a description of the theory for the nuclear spin I =1/2 and the tilted magnetic field, in Section 4 we discuss the results of calculation and compare them with the experiment.
EXPERIMENTAL CONDITIONS AND RESULTS
We investigated the electron spin polarization in the undoped dilute GaAs 0.98 N 0.02 alloy grown by molecular beam epitaxy (with a plasma source for nitrogen) in the form of a 0.1 µm-thick layer on the semi-insulating GaAs(001) substrate [19] . The spin polarization P of the free electrons was generated under interband absorption of the circularly polarized light [15] . A continuous-wave Ti:sapphire laser was used for PL excitation. The exciting laser beam was directed normally to the sample surface (hereinafter the z axis), the PL was registered in the backward direction by a photomultiplier with an InGaAsP photocathode.
We measured the stationary degree ρ of circular polarization of the edge PL proportional to the degree of free-electron polarization [15]: ρ = P P , where the depolarization factor P ≤ 1. The degree of PL polarization is defined as the ratio ρ = (J
, where J + and J − are the right (σ + ) and left (σ − ) circularly polarized PL components, respectively,
− is the total PL intensity. The values of J + and J − were measured at room temperature using a high-sensitive polarization analyzer [20] . In the longitudinal field (α = 0, diamonds) the PL polarization and intensity increase as a result of suppression of spin relaxation of the localized electrons, and the increase is described with good accuracy by inverted Lorentzians with half-width at half minimum of B 1/2 ∼ 1 kG [10] [11] [12] [13] [14] . The curves ρ(B) and J(B) are asymmetric: their minima are shifted relative to the point B = 0, and the shift changes its sign under reversal of the excitation circular polarization from σ + to σ − . As shown in Refs. [10] [11] [12] [13] In the oblique field for α = 45
• and 60
• (triangles and squares, respectively), the curves 
THEORY FOR THE NUCLEUS WITH
The main purpose of the theoretical part of this paper is to demonstrate the absence of a sharp peak shifted from the point B = 0 in the curves ρ(B) and J(B) in Fig. 1 . In this section we generalize the theory of spin-dependent recombination developed in [14] for a nucleus with the angular momentum I = 1/2 and the longitudinal magnetic field B z and consider the case of an arbitrary tilt angle α between B and the z axis. The model with the nuclear spin 1/2 is relatively simple and, as will be shown, qualitatively explains the symmetricity of the central peak and confirms the regime of strong hyperfine interaction of the localized electron, thereby excluding the regime of weak interaction. As stated in [14] , in order to explain the shift of the curves ρ(B) and J(B) in the longitudinal field one should consider nuclei with the moment I > 1/2, this task is planned to be addressed elsewhere.
Using the kinetic equations for the spin-density matrices for the deep centers with one electron and two electrons, we have derived the set of equations interrelating 25 variables
for an arbitrary direction of the field B.
These equations have the form 
where σ [14] , we neglect the direct action of the magnetic field on the nuclear spin. Note that, in the longitudinal magnetic field, the number of nonzero variables is reduced to 13, they are n, p, N 2 , N 1 , S z , S cz , S n1,z , S n2,z , Φ zz , Φ xy = −Φ yx and Φ xx = Φ yy , among them 11 are linearly independent. In Ref. [14] we expressed Φ xy , Φ yx , Φ xx and Φ yy through the remaining 9 variables and assigned the number (29) to the obtained set of 9 equations. In the oblique field all the 25 values are different from zero, the set (1) in general requires numerical solution and allows analytical solutions only in special limiting cases.
The numerical solution of the system (1) is conveniently divided into three stages. First of all, we exclude the spin polarization S c of localized electrons out of Eqs. (1b) and (1c).
To do this, we multiply Eq. (1b) by n, find the scalar product of Eq. (1c) with 4S and subtract one from the other. Solving the resulting equation for the concentration N 1 , we find it as a function of the electron concentration n and the polarization degree of free electrons, P = 2S/n. Next we introduce the dimensionless quantities 
Using the linear relationship (1h) between N 1 and N 2 we express the dimensionless concentration of two-electron centers via the dimensionless concentration of free electrons
Substituting the expression (4) for Y into Eq. (3) we find that, for a given pseudovector P , the value of Z satisfies the third-order equation and can be found analytically by using Cardano's formula.
The second stage is finding S c from the equation set (1d)-(1g). First, we exclude S n2,λ from Eq. (1f) using Eq. (1g). Equations (1d)-(1f) for given values of n, N 1 and P is a linear system with respect to the unknowns S cλ , S n1,λ and Φ λη . To solve it, one can use the standard procedure for the numerical solution of linear systems. Moreover, the matrix structure of the system allows the reduction of the problem to the successive solution of 3×3 systems of linear equations. Indeed, since the direct magnetic-field effect on the nuclear spin is neglected, each equation (1e) contains the components Φ λη with the same index η.
Therefore, for given values of S cλ , S n1,λ , one can solve nine equations (1e) sequentially for sets (Φ xx , Φ yx , Φ zx ), (Φ xy , Φ yy , Φ zy ) and (Φ xz , Φ yz , Φ zz ). Since Φ λη are linearly dependent on S c,λ , S n1,λ , the substitution of found Φ λη into Eq. (1f) gives a linear system for S n1,λ .
Substitution of its solution into (1d) leads to a system for S cλ . Thus, the equation set (1d)-(1g) allows one to find S cλ as a function of P . Substitution of this function into Eq. (1c)
reduces the problem to a solution of a system of three nonlinear equations for the components P λ . In the third stage, the solution of the latter system is found by using standard numerical procedure. 
COMPARISON WITH EXPERIMENT AND DISCUSSION
In Fig. 3, (a) and (c), we present the results of calculation of the PL intensity J ∝ np and the circular polarization degree
carried out for four different angles α between the field B and the z axis. Here P is the depolarization factor [8] , the parameters used in the calculation are given in the caption to do not exceed a few percent and are invisible in the scale of Fig. 3 . Therefore, as mentioned above, in this work we have focused on the theoretical description of symmetrical components of the experimental curves
depicted in Fig. 3 , (b) and (d), using the data of Fig. 1 .
It is seen that the theory qualitatively reproduces the evolution of the curves ρ s (B)
and J s (B) with the angle α from 0 (longitudinal field) to 90
• (transverse field). In the longitudinal field, these curves have a minimum at B = 0. As the field deviates from the longitudinal direction the polarization and intensity sink down and, simultaneously, a narrow maximum rises above the flat minimum in the vicinity of the point B = 0, so that each curve is characterized by one maximum and two minima, one on the left and right. In the transverse field the minima disappear and there is only a maximum at B = 0, due to the Hanle effect. Although, on the whole, the calculated dependences in Fig. 3 satisfactorily describe the vertical evolution of the experimental curves, there is a significant discrepancy between theory and experiment for widths of the minima and maxima. This discrepancy may be connected with the usage of a simplified model of the spin-dependent recombination which does not take into account a more complex kinetics for defects with the nuclear spin
The behavior of electron optical orientation in the oblique field with two minima and a sharp maximum in the middle of the curves ρ(B) and J(B) unambiguously evidences the strong coupling between the spin of a localized electron and the nuclear spin of the defect.
We stress the distinction between the electron-nuclear system under consideration and the localized state, the electron-nuclear system turns to be strongly coupled. In this system an important role is played by cooling of the nuclear spin subsystem; as a consequence, in addition to the central peak at B = 0, the curve of magnetic depolarization of the photoluminescence in the oblique field contains two additional peaks, one of which is adjacent to the central peak, and the second is shifted towards strong fields. Depending on the relative signs of electron and nuclear g factors, the additional peaks are located on opposite sides or one side relative to the central peak; they arise at the values of the magnetic field at which the nuclear field compensates the external field. The inverted contour appears due to suppression of the electron-nuclear spin-spin interaction by the longitudinal component of the magnetic field. As mentioned in Ref. [14] , at high intensity of the exciting light the lifetime τ c = (c n n) −1 of the defect with one electron becomes so short that the uncertaintȳ h/τ c =hc n n exceeds the hyperfine interaction constant A, consequently this interaction reduces and is negligible even in the absence of magnetic field. Therefore, for large values of W the longitudinal component of the magnetic field has no effect on the electron spin polarization, see, e.g., Fig. 1 in Ref. [14] .
The sensitivity of magnetic-field dependences ρ(B) and J(B) to the choice of the nuclear relaxation times is illustrated in Fig. 5 . For this purpose we have chosen the particular values α = 45
• and W = 60 mW, set τ n1 = τ n2 and performed calculations for four different values of these times. As shown in Ref. [14] , for very long times of nuclear relaxation under the stationary optical excitation, the nuclear spins are polarized in such a way that the backward influence of the nuclei on the electron spin polarization vanishes, see, e.g., Fig.   3 (a) in [14] . In this case, the switching on of a longitudinal magnetic field does not affect ρ and J. Therefore, in the curves 4 in Fig. 5 calculated at τ n1 = τ n2 = 150000 ps, there exists a pronounced maximum and there are no minima. The height of normal Lorenzian and the depth of inverted one are comparable within 15 ps < τ n1 = τ n2 < 150 ps. In the strong magnetic field, the hyperfine interaction is broken off, the component of spin polarization of localized electrons S c⊥ ⊥ B is suppressed, and all four curves in Fig. 5(a) or Fig. 5(b) converge to each other. We have derived a formula for the PL circular polarization after the magnetic-field-induced suppression of the transverse component of the polarization S c⊥ .
To this end, we have neglected the Hanle effect on the free electrons setting g = 0 and calculated ρ in the absence of hyperfine interaction. Here is the final result where the times T, T are defined by
, and other parameters are introduced in Eqs.
(1) and (5).
The approximate formula (7) for ρ in the magnetic field, strong enough to suppress the electron-nuclear spin-spin interaction but weak for the manifestation of the Hanle effect on the photoelectrons in the conduction band, is in good agreement with the numerical solution of the set (1).
CONCLUSION
We have carried out an experimental and theoretical study of optical orientation and spin-dependent Shockley-Read-Hall recombination in a semiconductor in an oblique magnetic field at normal incidence of the circularly polarized radiation on the sample surface.
The experiments have been performed at room temperature in the GaAs 1−x N x alloys where the deep paramagnetic centers responsible for the spin-dependent recombination are Ga 
